Mon. Not. R. Astron. Soc. OOP. [THT21 (2002') Printed 19 April 2013 (MN I^TeX style file v2.2) 

V2494 Cyg: A unique FU Ori type object in the Cygnus 
OB7 complex 
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ABSTRACT 

A photometric and spectral study of the variable star V2494 Cyg in the L 1003 dark 
cloud is presented. The brightness of the star, formerly known as HH 381 IRS, increased 
by 2.5 mag in R (probably in the 1980s) and since then has remained nearly constant. 
Since the brightness increase, V2494 Cyg has illuminated a bipolar cometary nebula. 
The stellar spectrum has several features typical of the FU Ori type, plus it exhibits 
very strong Ha and forbidden emission lines with high-velocity components. These 
emission lines originate in the HH jet near the star. The kinematic age of the jet 
is consistent with it forming at the time of the outburst leading to the luminosity 
increase. V2494 Cyg also produces a rather extended outflow; it is the first known FUor 
with both an observed outburst and a parsec-sized HH fiow. The nebula, illuminated 
by V2494 Cyg, possesses similar morphological and spectral characteristics to Hubble's 
Variable Nebula (R Monocerotis/NGC 2261). 
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1 INTRODUCTION 

Objects classified as FU Ori type (FUors), though very 
rare, provide clues to the understanding of star formation 
processes and the evolution of pre-main sequence (PMS) 
objects. Their main featur es are well-known (Herbig 1977; 
iHartmann &: Kenvonlll996l ) . Their key attribute is a sudden 
significant rise in brightness (up to 5 - 6 magnitudes in V) 
in a relatively short period (0.5 - 10 years), after which the 
object usually remains bright with little variability for tens 
of years. Other typical qualities include: 

a close association with a compact reflection nebulae; 
a large excess of radiation at UV and IR wavelengths. 



* E-mail: tigmag@sci.am 

t Some results, discussed in this paper, were presented briefly in 

JENAM-2007 conference and lAU 243 symposium. 



a spectral type after the eruption similar to F-G super- 
giants, with 

earlier type spectra in the UV, and later type in the IR, 

deep CO absorption features, 

the presence of prominent P Cyg profiles in Hq and Na D 
lines, indicating mass loss at up to 1000 km s"^ velocity, 
and 

the presence of Li I spectral lines, indicating the youth of 
the star. 



Only about twenty such objects are known at present 
(JReipurth fc Aspirill2010l ). half of them being classified as 
"classical" FUors (i.e. those where the outburst has been 
observed), and the other half, classified as FUor- like, are 
represented by stars which have similar spectral character- 
istics but where no outbursts have been detected (i.e. it is 
assumed that they were discovered after the outburst). 
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According to the generally accepted model of the 
FUor phenomenon, the sudden brightening is probably 
due to a significant increase in accretion (up to 10~^ 
M(n) from the circumstella r matter onto the T Tau star 
IjHartmann fc Kenvonlll996l ). Disturbances to the accreting 
disk creati ng such an increa se may be caused by thermal in- 
stabiliti es IIBell fc LinI 1994 ) , or rnay be due to a close com - 
panion JBonnell fc BastienI Il993: iReipurth fc AspinI 120041 ') 
or giant planet in the disk ( Lodato fc Clarkd [200J). A 
comprehensiv e review o f these models can be found in 
the book of iHartmannl l|2009r ). However, notwithstand- 
ing the successful explanation of some features of FUors 
by this approach, many q uestio ns still remain open. 
iHerbig. Petrov fc Duemmlerl (|2003l ). for example, suggest 
that a number of the observational aspects may be better 
explained if the star itself, rather than an accretion disk, is 
responsible for the FUor flare-up. For example, such an in- 
crease in brightness can occur for stars with anomalous high 
rotation velocities (|Larsonlll98d V One should also keep in 
mind that there exist a number of PMS stars which display 
certain FU Ori features (e.g. V1331 Cyg, V1647 Ori) and are 
considered by some authors to be pre-FUors or post-FUors. 
Besides, yet another and also not numerous class of PMS 
vari ables, EXors, c an be related to the FU Ori phenomenon 
fsee lReipurth fc Aspin 2010 . and references therein). Thus, 
in future, when the volume of observational data increases, 
the criteria for deflning the object as FUor may be expanded. 
In this paper, however, we will keep close to the genuine 
FU Ori picture. 

No FUor has so far had more than one outburst 
detected. However, from statistical considerations, it is 
usually accepted that FUors should exhibit re curring 



eruptions with a timescale of order 10"^ years jHerbig 



1977l:lHartmann fc Kenvonll996l:[Sc"holz. Froebrich fc Wood 



20131 ). In this connection it is tempting to make a di- 
rect connection between probably-repetitive FU Ori out- 
bursts and extended Herbig-Haro (HH) outflows with 
multiple working surfaces (implying the per iodic re- 
lease of of matter from y oung s tellar sources) (JReipurtbl 
19891: iReipurth fc AspinI Il997l: iReipurth fc Ballvl I2001I : 



Herbig et al.ll2003l : iMovsessian et al.ll2006l ) 

Another crucial but still open question concerns the 
fraction of typical low-mass stars which undergo the FU Ori 
phenomenon in their early evolution. To date, only classical 
T Tauri stars have been directly found to undergo FU Or 
outbursts. For a long time the only object with a known 
pre-outburst spectrum remained the V1057 Cyg star; the 
recent discovery of a FU Ori type eruption in LkHa 188-G4 
l|Miller et al.ll201in raises the number of such objects to two. 
Both stars prior to eruption were classical T Tau stars. 

However, the timescale between outbursts of order 
10,000 years makes these events extremely rare. If all accret- 
ing young stars undergo the outbursts, then it is probable 
that the first discoveries will be within the largest and easiest 
observed class of accreting object. If this timescale applies to 
other types of YSO, then similar outbursts may be revealed 
in them once similar extended surveys are performed. 

The situation, doubtless, will be elucidated in the fu- 
ture, when we will have pre-outburst spectral energy distri- 
butions for newly discovered FUors, which would then prob- 
ably occur in the large number of the presently performed 
infrared surveys such as 2MASS, IRAS, Spitzer, AKARI and 



WISE. The work of lScholz et"ail (120131 ) should be mentioned 
as an example of ongoing surveys for FU Ori objects. 

We present here the results of new observations 
in the optical range of the probable FU Ori-like ob- 
ject V2494 Cyg, also known as IR AS 20568+5217 and 
HH 381 IRS ('Reipu rth fc Aspin|[l997l ) . This object is associ- 
ated with a bright cometary neb ula and several HH objects 
IjDevine. Reipurth fc Ballvl 1 19971 ). It is located in the dark 
cloud L 1003, belonging to th e Cyg OB7 star- forming com- 
plex (JMovsessian et al.l |2003| ) where anot her FU Ori type 
object, V249 5 Cyg, has be en identified (JMovsessian et al.l 
|200Q : iMagakian et al.ll2010l ). V2494 Cyg possesses a jet and 
a large bipolar outflow traced by HH objects and Molecu- 
lar Hydrogen emission- line Objects (MHOs). These include 
HH 382 and HH 966 a s weU as MHO 900 901, 902 and 904 
(JMagakian et al.ll2()Tol : JKhanzadvan et al.|[20ia ) . 

The similarity of the infrared spect rum of V2494 Cyg 
to oth er FUors has already been noted bv iReipurth fc AspinI 
(19971). Further s tudies in the infrared range have confirmed 
this conclusion (|Aspin et al.l 2009). At the same time its 
recent brightening in the optical range was also revealed 
(JMagakian et al.ll2007l ). 

The distance to the L 1003 cloud was estimated 
only roughly. Hereafter we will assume the value 800 pc 
for V2494 Cyg and for the en tire Cyg 0B7 complex 



(|Dobashi. Bernard fc Fukuil 19961). c onsistent with all our 
previous works (Aspin et al.l l2009l: IMagakian et al.l I2OI0I : 



lAspin et aLll201ll : lKhanzadvan et al.ll2012l )~ 

In Sect. 2 we describe the observational methods and 
data reduction. In Sect. 3 results of the photometry and the 
spectroscopy are presented. In Sect. 4 we discuss separately 
the central star and outflow and summarize our conclusions. 



2 OBSERVATIONS AND DATA REDUCTION 

Our observations of V2494 Cyg include imaging and pho- 
tometry as well as spectroscopy in various modes. The ob- 
serving logs are summarized in Tables [l] and (2] We first 
describe these observations in more detail. 



2.1 Imaging 

Image archives as well as new observations were used for 
photometry of the star and for analysis of the morphology 
of the associated cometary nebula. Archival data were from 
the DSS-1, Quick-V, DSS-2 and SuperCOSMOS (SSS) digi- 
tal sky atlases, as well as images fro m the IPHAS su rvey, 
obtained on 2003 November 10-14 (|Drew et al.ll2005l ). In 
addition, a number of photographic plates from the Taut- 
enburg plate archive, obtained in 1975-1985, were checked 
for the presence of the object (Helmut Meusinger, private 
communication) . 

New imaging data, to check the recent variability of 
the object, were obtained on 2006 September 22-24 in R 
and I using the Subaru P rime Focus Camera (Suprime- 
Cam, iMivazaki et al.l 120021 ) mounted at the prime focus of 
the 8.2-m Subaru Telescope atop Mauna Kea, Ha waii (de- 
scribed in the previous work: IMagakian et al.ll20ld ): two di- 
rect images, obtained in 2008 with a CCD-camera on the 
ZTSh 2.6-m telescope of the Crimean Observatory; plus 
a number of images, obtained with exposures of 600 sec 
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with the ByuFQSC-2 (J Movsessi an et al.ll2000l ) and SCOR- 
PIO IjAfanasiev fc Moiseev 20051) prime focus cameras on 
the 2.6-m telescope ZTA of Byurakan Observatory in 2008- 
2010. 

The Byurakan and Crimean images were reduced with 
standard procedures for aperture photometry. Magnitudes 
were converted to the Cousins photometric system. For pho- 
tometri c caUbration, standard stars from the NGC 7790 
cluster IjLandoltll 19921 ) were taken. In addition, we used three 
non-variable stars in the L 1003 cloud as secondary stan- 
dards, for which we determined Re and Ic magnitudes. To 
compare the new and archive data and to avoid systematic 
errors as far as possible, we re-measured all sky survey im- 
ages, calibrating them by nearby stars, magnitudes of which 
were taken from the GSC 2.3.2 catalogue which could be 
considered as the best photometric source for these purposes 
IjMickaelian. Sarkissian &: Sinanivanll2012h . 

The observation dates of all images used in this paper 
are listed in Table [T] along with the photometric results. 



2.2 Slit spectroscopy 

The optical spectrum of the star V2494 Cyg and of the its 
associated nebula was observed in 2007 January 10 with the 
6-m telescope of SAO (Russia) using the SCORPIO multi- 
mode focal reducer (|Afanasiev fc Moiseev 2005), mounted 
at the prime focus of the telescope. In the long-slit mode 
the instrument was equipped with the VPH1800R grating, 
which provides a ~2.5 A resolution and a spectral range 
of 6100-7100 A. A 2048 x 2048 EEV 42-40 CCD was used 
for the detector; after binning by 1 x 2 the scale was 0.36 
arcsec per pixel along the slit. Total exposure time was 1200 
sec and seeing was 1.6 arcsec. The position angle of the slit 
during the observations was 343°; this direction is aligned 
with the jet and the axis of the reflection nebula. 

Data reduction was performed with a package of proce- 
dures developed in IDL by A. Moiseev at SAO. This pack- 
age includes standard operations, such as flat-fielding, wave- 
length and flux calibration. Further analysis was done with 
the ESO MIDAS image processing system. 

We also made an attempt to obtain a long-slit spectrum 
of the knot A in HH 382 group, using the SCORPIO focal 
reducer on the 2.6-m telescope in Byurakan. The measur- 
able spectrum of HH 382A was registered in the red range 
(AA5900 — 6900) on 2008 June 13, with a total exposure time 
of 3600 sec and 0.5 A/pix dispersion. 



2.3 Imaging Spectroscopy 

Imaging spectroscopy observations were obtained using the 
SCORPIO prime focus multi-mode device equipped with a 
scanning Fabry-Perot etalon and 2048 x 2048 EEV 42-40 
CCD, mounted on the 6-m SAO telescope. The field around 
V2494 Cyg, which includes the jet and nearby HH knots, was 
observed in the Ha line on the 28th of June 2008. Observa- 
tions were performed with 4x4 pixel binning to reduce the 
readout time and enhance the S/N ratio; 512 x 512 pixel 
images were obtained for each spectral channel. The field of 
view was 6.1 x 6.1 arcmin with a scale of 0.71 arcsec per 
pixel. An interference filter with FWHM = 15 A centered on 
the Ha line was used for pre-monochromatization. For our 



observations we used a Queensgate ET-50 etalon operating 
in the 501st order of interference at the Ha wavelength, and 
providing an instrumental profile of FWHM ~ 0.8 A (or ^ 
36 km s~^) for a range of AA=13.2A (or ~ 605 kms~^), 
free from order overlapping. The number of spectral chan- 
nels was 36 and the size of a single channel was AA ~ 0.37 
A (~ 17kms"^). 

We reduced our Fabr y-Perot observations usi ng soft- 
ware developed at SAO JMoiseev fc Egorovl |2008| ). After 
primary data reduction, subtraction of night sky lines and 
wavelength calibration, the observational material repre- 
sents data cubes where each point in the 512 x 512 pixel 
field contains a 36 channel spectrum. For data analysis we 
used the ADHOCw software, developed by the Interferome- 
try Group of Marseille Observatorju (see lCarrido et al.ll2002l 
for an example of Fabry-Perot data reduction) . 



3 RESULTS 

3.1 The nebula imaging 

As already mentioned above, this spectacular bipolar nebula 
is missing in common catalogs. It was described for the first 
time in the work of D evine et al. (1997). We have reviewed 
its photometric history and found that the object became 
significantly brighter in the period between the DSS-1 and 
DSS-2 surveys, i.e. from 1952 to 1989. In 1952 the central 
star, which is associated with the IRAS 20568-1-5217 source, 
is detectable only on the DSS-1 red image, near the plate 
limit. In 1983, in the Quick-V sky survey, the star is defi- 
nitely brighter (especially when one considers the different 
bandwidths of both surveys and the very red colour of the 
star) and traces of the nebula can be seen. On the DSS-2 R 
(1990) and I (1991) charts the nebula is well developed and 
is also now visible in the bluer wavebands (DS S-2 B, 1989). 
The discovery image, obtained in 1995-1996 (JDevine et al.l 
1997), shows the nebula with essentially the same appear- 
ance as in our new images. Thus, the increase of the bright- 
ness started after 1952 and, probably, not long before 1983. 

For the last 15-20 years the star seems to have reached 
the light curve plateau. Its photometric history is described 
in the next section. We show images of the object taken at 
various epochs in Fig.[T] 

The morphology of the nebula, associated with 
V2494 Cyg, differs in the optical and ne ar-IR in much the 
same way a s for the nearby Braid Nebula (JMovsessian et al.l 
|2003| . I2OO6I ). To make this comparison we used the op- 
tical Re images obtained in 2006 with Suprime-Cam on 
the Subaru telescope and the near-IR images obtained in 
the K-band with WFCAM on UKIRT. These da,ta ar e de- 
scribed in detail in t he pa pers of lMagakian et al.l (|201(J ) and 
iKhanzadvan et al.l l|2012r ). For clarity we present both im- 
ages superposed in Fig. [2] (left panel). 

To begin with, the orientation of the axis of the nebula 
is not easy to define. At optical wavelengths the northern 
cone is more extended but has a lower surface brightness 
and, as a whole, is aligned almost north-south. However, 
its apex appears significantly detached and shifted from the 



http://www.oamp.fr/adhoc/adhocw.htm 
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Figure 1. The appearance of the V2494 Cyg and its associated nebula in various epochs. Panels: a) - POSS-1 R, 1952 (SSS survey); b) 
- Quick V, 1983; c) DSS-2 B, 1989; d) - DSS-2 R, 1991; e) IPHAS survey, R, 2003; f) - Subaru R, 2006. North is up, east is left. The 
object is located in the centre of the panels. The streak to the east from the star on the panel c) is an artifact on DSS-2. Note the bright 
nebulous knot in NW direction from the star on the panel d). The size of the each panel is about 5.3 X 5.3 arcmin. 



source star because of a dark lane that cuts across it, produc- 
ing between them another bright knot. The southern lobe 
appears more inclined to the south-east; however, another 
narrow dark lane near the central source with a position 
angle of 75° gives definitely greater deviation from the N-S 
direction. These features must be the result of foreground 
extinction variations, because, as is clearly seen in Fig. [2^, in 
the near-IR the nebula is symmetric and essentially oriented 



north-south. Note the total lack of background stars in the 
optical range image to the east and west of the reflection 
nebula (Fig.[TJ'), which shows that our object is located in 
the centre of the elongated dark cloudlet. Note also that in 
the optical range the western side of the northern cone has 
parabolic shape while its eastern side is nearly linear, being 
abruptly cut by the extinction. 

In the K-band image the northern cone is fainter, but 
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its walls are more clearly defined, especially the eastern side, 
which seems to be fully absorbed in the optical image. The 
opening angle of the northern lobe appears larger in the 
near-IR. Actually, the near-IR image seems brightest just 
in the places where the extinction in optical range is great- 
est. The southern lobe appears significantly lower inclined 
to the east and has a much higher surface brightness com- 
pared to the northern lobe. Thus, we can assume that the 
real symmetry axis of the nebula is oriented much closer to 
north-south than implied by the optical images. This is in 
full accordance with the direc tion of the parsec-size bipolar 
outflow from the central star (|Magakian et al.ll2010l ). 

The spectacular biconic appearance of the nebula points 
to its small inclination angle to the plane of sky. However, 
its morphology suggests that the northern cone should be 
inclined toward us; this conclusion is corroborated by the 
spectral data (see below). 

A comparison of the DSS-2 and our recent Subaru im- 
ages does not show major morphological differences in the 
shape and brightness of the nebula. 

3.2 Photometry of the central star 

In order to attain a better understanding of the photometric 
history of V2494 Cyg we collected brightness estimates from 
observations taken at various epochs. 

The first available image of the central star that we 
found was in the POSS-1 survey red plate, obtained on 
17 September 1952. The source magnitude in the USNO- 
Bl.O catalog (|Monet et al.l l2003h (where the central star 
of the nebula is listed as object 1424-0432369) is given as 
Rl=18.57. Our measurements give nearly the same value. 
However, on checking the image of V2494 Cyg in the SSS 
survey, which was performed with better resolution than 
DSS-1, one can clearly see that even in this epoch the object 
is extended and not purely star-like. The brightness of the 
central star may therefore be overestimated. In any case the 
star definitely became brighter in the 80-ies: from a Quick-V 
survey plate (data obtained on 8 July, 1983) we measured 
the brightness to be 17.52 mag in V. 

The blue plates from the Tautenburg collection, which 
span a period from September 1975 to July 1985, show that 
the star is always below the plate detection limit (which for 
various plates is estimated to be in the range 17.20 to 20.58 
mag in B). 

On DSS-2 plates the USNO-Bl.O magnitudes of the 
1424-0432369 star are as follows: B2=19.90; R2=13.74; 
IN=12.13. The errors on these values are estimated to be 
about 0.25 magnitude. However, after further analysis of 
the DSS-2 images and neighboring objects in the USNO- 
Bl.O catalogue, we came to conclusion that the measure- 
ments in R2 and IN can be erroneous, because V2494 Cyg 
was recognised in the catalog as an extended object, which 
led to a significant over-estimate of its brightness. Indeed, 
on the DSS-2 R and I images all neighboring stars with the 
same peak counts are cataloged in USNO-Bl.O with signifi- 
cantly higher values of R2 and IN magnitudes, i.e. as much 
fainter objects than V2494 Cyg. Because of these factors we 
re-estimated the magnitudes of the central star of the nebula 
on all images taken from the DSS and SSS digital surveys, 
using the point-spread-functions (PSF) of field stars. These 
results are included in the Table [l] 



Table 1. The photometry of V2494 Cyg (HH 381 IRS) 



Image, Epoch 



R-I 



DSS-1 17.09.1952 
Quick-V 08.07.1983 
DSS-2 24.08.1989 
DSS-2 29.08.1989 
DSS-2 24.08.1990 
DSS-2 06.07.1991 
DSS-2 04.09.1991 
DSS-2 03.07.1993 
IPHAS 14.11.2003 
SUBARU 25/26.09.2006 
ZTSh 22.05.2008 
ZTSh 16.06.2008 
ZTA 25.06.2008 
ZTA 06.10.2008 
ZTA 24.06.2009 
ZTA 28.06.2009 
ZTA 06.11.2009 
ZTA 06.08.2010 
ZTA 02.11.2010 



17.5 



20.8 
20.3 



18.7 



16.5 



16.3 



14.9 





14.6 




16.85 


15.06 


1.79 


16.52 


14.91 


1.61 


16.29 


14.51 


1.78 


16.36 


14.56 


1.80 


16.29 


14.56 
14.49 


1.73 


16.32 


14.71 


1.61 


16.09 


14.47 


1.62 


16.15 


14.49 


1.66 


16.34 


14.76 


1.58 


16.39 


14.57 


1.82 



Photometric data for DSS-1 are taken from USNO-Bl.O catalog; 
all other values are our own estimates (see text). 



To obtain recent photometric values as well as to look 
for possible brightness variations we used several sets of im- 
ages of the object obt ained since 2003. These include the 
IPHAS survey images (|Drew et aLlbOOSl ). our 2006 Subaru 
images, and the observations from the 2.6-m telescopes in 
Byurakan and Crimea. All these measurements also are in- 
cluded in Table [T] As can be seen from Table [T] for more 
than twenty years the brightness of the star has fiuctuated 
by less than 0.3"^ amplitude from the mean value; its colour 
also remains nearly constant. There are no signs of fading. 

In summary, we conclude that the increase in bright- 
ness of the V2494 Cyg very probably started in the early 
1980s; in the period between 1990 and 2000 the star al- 
ready reached its maximum visible brightness and since then 
has remained at this luminosity. The absence of the star on 
the Tautenburg plates (even though in B it should be very 
faint) gives some support to this conclusion in the sense 
that there were no major outbursts before 1983. The am- 
plitude of 2.5 mag in R is probably a lower limit, since 
even at the time of the POSS-1 survey observations the star 
was slightly nebulous and therefore extended. In fact, on 
the base of our preliminary reports the object is already 
recognized as a variable star and num bered as V2494 Cyg 
(JKazarovets. Reipurth fc Samud 12011! ). We suggest that in 
future only this name be used for the central source within 
the nebula. Note in particular that the star actually is not 
associated with HH 381 (see below), so the name HH 381- 
IRS should certainly be avoided. The nebula in turn can be 
referred to as "the V2494 Cyg nebula"; on the other hand, 
"the IRAS 20568-1-5217 nebula" name also could be kept for 
the identific ation purposes (it w as named as such when first 
detected bv lDevine et al.lll997l .'). 
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V2494 Cyg 



HH381C- 
(+172) 



HH381B 
(-93) 



HH381A 
(-40) 



Figure 2. Left panel: the superposition of the V2494 Cyg nebula images in K (gray scale) and in Re (isolines). Both images were 
obtained in 2006 (see sec. 2.1 and 3.1 for the further details). Right panel: the monochromatic Ho image of the same field, restored from 
the FP data. The HH 381 knots A, B and C and their radial velocities in km sec~^ are marked (see sec. 3.5). Both panels are in the 
same scale. 



Table 2. The log of spectral observations 



Date 



Object 



Telescope, system 



10.01.2007 V2494 Cyg (star+nebula) 

13.06.2008 HH 382A 
29.06.2008 V2494 Cyg field 



6-m, SAO, long-slit 
2.6-m, Byurakan, long-slit 
6-m, SAO, scanning FP 



3.3 Slit spectroscopy of the central star, nebula 
and bipolar jet 

In the slit spectrogram, described above, the spectra of the 
central star and of the neighboring parts of nebula were 
registered. 

The spectrum of V2494 Cyg, extracted by using the 
stellar PSF, is shown in Fig.|3] We see the reddened stellar 
continuum with prominent emission lines (Ha, [OI], [Nil] 
and [SII]) superimposed. Such strong emission lines, unusual 
for FUors, almost certainly belong to the co llimated, ionized 
jet th at is visible in published direct images IjMagakian et al.l 
I2OIOI ). 

The only strong stellar absorption, which is evident in 
Fig-El is the strong Ba II blend near A6495. This feature 
is typical of G supergiants and th us distinctive for FU Ori 
type spectra (JReipurth et al.ll2002l ). As can be seen from the 
Fig. 2 and Fig. 4 of that paper, there are no other conspicuous 
absorption features, which one might expect to see in the 
observed wavelength range with our spectral resolution. As 
for the P Cygni absorption component in the Ha line, which 
are usually prominent in the spectra of FU Ori type stars, it 
is very probably masked by the rather strong emission line 
of the jet (see, however, sec 3.4). 
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Figure 3. The optical spectrum of the V2494 Cyg in red range, 
obtained with 6-m telescope. All major features are identified. 



The observed emission lines, especially Ha, have com- 
plex profiles and are extended along the slit. To investigate 
the emission spectrum in more detail we have subtracted the 
continuum from our reduced spectral image, separately fit- 
ting and subtracting the stellar spectrum row by row. The 
result is shown in Fig.|4l The slit orientation is shown in 
Fig-El In Fig.Uwe see that the intensity maxima of all main 
emission lines are shifted to the north with respect to the 
stellar continuum. This fully confirms that the emission orig- 
inates in the ionized jet that extends to the north from the 
central star (JMagakian et al.i 2010 ). In Fig.|4lthe jet emis- 
sion features are labelled with the number 2; signs of the 
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negative velocity (see text for their discussion and radial velocities). 
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counter jet extending to the south are also evident in the 
data, and are labelled 3 in Fig.|4l 

As is also evident in Fig.|4l all emission lines demon- 
strate complicated spectral and spatial structure. The gen- 
eral trend of a rapid increase in radial velocity (all radial 
velocities in this paper are heliocentric) with distance from 
the source (a possible indication of acceleration) is clearly 
seen in the [SII] and [OI] profiles. The peak velocities in 
these lines increase from —170 and —197 km s~^ near the 
star to —305 and —348 km s~^ at a distance of 2.5 arcsec. 
In comparison, the [Nil] profiles in Fig.|3] are not inclined, 
though they do exhibit high negative velocities: the [Nil] ra- 
dial velocity measures —313 km s~^ at the star position and 
remains at values of about —320 km s~^ along the observed 
length of the jet. We also note that all of the forbidden line 
profiles are wide, with Full Width Half Maximum (FWHM) 
widths of about 250 km s'^ (in [SII] FWHM ~ 340 km 
s~^). The profiles also consist of at least two components 
separated by about 80 - 100 km s~^. However, our spectral 
resolution is not sufficient for a reliable multi-component 
fitting of these profiles. 

As was mentioned above, the structure and behavior of 
the Ha emission profile is the most complicated of all lines 
observed. The same spatially extended jet component with a 
near-constant velocity (peak velocity measures —320 km s~ 
at the star position and —290 km s~^ near the observed end 
of the jet; a similar velocity is observed here in [Nil]) is evi- 
dent in Fig.m in addition to a high- velocity component very 
close to (but not coinciding with) the driving source. This 
component is labelled 4 in Fig. |4] and can be traced from 0.4 
to 1.1 arcsec along the northern flow lobe. We estimate its 
mean velocity to be —510 km s~^, while its blue wing reaches 
—645 km s~^. Careful inspection of our data shows that this 
component can also be seen in forbidden lines, with a mean 
velocity of about —430 km s^^ (in good agreement with the 
Ha results). The existence of this high- velocity component 
in A6730 emission combined with its absence in A6717 [SII] 
emission indicates a high density for the emitting medium. 
We are inclined to consider this feature as a separate compo- 
nent unrelated to the very broad, single-peaked Ha because 
it is not symmetric - neither spectrally (it has the appear- 
ance of a rather extended emission wing from the blue side 
of a strong and more sharp core) nor spatially (the brightest 
Ha emission is offset by about 2 arcsec to the north from 
the broadest part of the profile). 

Finally, we label with number 1 in Fig.|4]a discrete low- 
velocity peak seen in Ha that is centred at about —20 km 
s~^. This component is spatially coincident with the maxi- 
mum of the stellar continuum and is not extended along the 
slit length (i.e. in a north-south direction). The FWHM of 
this feature is about 140 - 160 km s~^. With respect to the 
local standard of rest (LSR), this component is blue-shifted 
by less than —12 km s~^. To compare, the systemic LSR ve- 
locity of the whole cloud is —3.4 km s~^ (Moriarty-Schieven 
et al., in preparation). We therefore identify this component 
with the star itself. Weak, low - velocity Ha emissi on lines are 
typical of FU Ori objects fe.g. lHerbig et al.ll2003l ). These are 
probably too narrow to be associated with accretion (see for 
example the much wider permitted HI line s observed to- 
wards T Tau stars: iFolha fc EmersoDll200Cl ): instead, this 
emission feature is probably of chromospheric origin. More- 
over, the absence of this feature in the observed forbidden 



line profiles corroborates the conclusion that all strong for- 
bidden emission lines (which are typically absent or very 
weak in the spectra of classical FUors) belong only to an 
associated outflow. 

The counter jet associated with V2494 Cyg is much 
fainter in our data, though is nonetheless detected. Emission 
from the counter jet can be traced 4.3 arcsec to the south of 
the stellar source continuum. Because of the faintness and 
complexity of the emission (especially in [SII]), radial veloc- 
ities are not so easy to measure. Even so, by averaging all 
lines, we estimate a typical counter jet velocity of +163 ± 
39 km s~^. A velocity gradient similar to that seen in the 
northern lobe cannot be unequivocally identified, although 
hints of it can be seen in the [SII] and [OI] profiles. 

The electron density in the northern jet lobe, estimated 
from the [SII] line ratio, is about 7000 cm~"^; in the south- 
ern counter jet a density of around 5000 cm~"^ is measured. 
Within the high velocity component densities of more than 
10000-11000 cm"^ are estimated. 

3.4 Scattered light spectroscopy 

As was noted earlier, we were not able to detect any signs 
of Ha absorption in the stellar spectrum, which is proba- 
bly masked by very strong and broad jet emission. However, 
during our analysis of the reflected spectrum of the nebula, 
we quite unexpectedly found that at a distance of about 25 
- 50 arcsec to the north of the star the nebula spectrum pos- 
sesses a strong, broad, and blueshifted Ha absorption feature 
(Fig.[S|. This feature is centred at a velocity of —94 km s~^ 
and exhibits a blue wing that extends up to —700 km s~^. 
Such a profile is typical of FU Ori objects. As is shown in 
Fig.m this absorption feature is observed toward the north- 
ern lobe of the conical reflection nebula while, closer to the 
source, it is virtually absent. In Fig.[5] we show, for exam- 
ple, a spectrum extracted from the bright knot located at a 
distance of 6.5 - 15 arcsec from the star (this knot is closer 
to the central star though is nevertheless far beyond the 
emission jet). 

With this discovery V2494 Cyg and its nebula be- 
come one more example of a source exhibiting the rare 
phenomenon known as "spectral asymmetry". This was 
first rep orted in observatio ns of the R Mon -I- NGC 2261 
system (IGreensteinl 1948al bt IStockton. Cheslev fc CheslevI 
ll975l : lGreenstein et al.| [l97g). This asymmetry was s uccess - 
fuUy explained only in the work of I Jones fc Herbid ([1983). 
We will discuss this unusual feature in more detail below. In 
the meantime, the detection of the wide P Cyg type absorp- 
tion feature again confirms the FU Ori nature of V2494 Cyg. 

3.5 Spectroscopy of HH knots 

As was described above, V2494 Cyg is also referred 
to as HH 381 IRS because it was believed to be the 
driving source of n earby HH 381 group of HH objects 
([Devine. Reipurth fc Bally 1997) • However, the relationship 
of the knots that comprise HH 381 to each other and to 
V2494 Cyg itself was not obvious until the our recent obser- 
vations. 

In the Fig. [5] (right panel) we show the monochromatic 
Ha image of the field around V2494 Cyg, which is recon- 
structed from the our FP data. This should be compared 
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with the Fig. 4 in iMaeakian et al.l (|2010|) paper. Our data 
confirm the emission nature of the HH 381 knots A, B and 
C and do not show any other nebulous emission objects close 
to V2494 Cyg. Observed Ha emission line profiles are single- 
peaked in all three knots, although they diflfer in width: the 
FWHM is about 50 kms~^ for knots A and B and about 
100 kms"'^ for knot C. The radial velocities of these knots 
differ even more drastically. While knots A and B have Vr = 
—40 kms~^ and —93 kms~^ respectively, the radial veloc- 
ity of HH 381 C is -1-172 kms~^ (see also right panel of the 
Fig.[2]to compare the relative positions of the HH knots). 
This last value ideally corresponds to the velocity of the 
V2494 Cyg counter jet (see sec. 3.3) and actually confirms 
that HH 381 C indeed belongs to the southern lobe of the 
V2494 C yg outflow, along with the fainter HH knots HH 382 
E, F, G (|Magakian et al.ll2010l ) and the disrupted HH 382 
A-D group at the head of the southern outflow. All of these 
objects lie almost precisely on a straight line that coincides 
with the axis of the nebula. However, knots HH 381 A and B 
must belong to some other outflow, as has previously been 
suspected based on their location. This is further supported 
by the morphology of the knots: HH 381 C looks like a small 
bow shock heading southward, while the shapes of HH 381 
A and B do not show marked symmetry. 



4 DISCUSSION 



4.1 The Star 



As was mentioned above, we were able to obtain the 
slit spectrum of knot HH 382 A. The spectrum is typical of 
HH objects, with Ha, [SH] and [OI] emission and no traces 
of continuum. The line intensities correspond to low density 
and moderate excitation. The radial velocity of this knot is 
rather low (-1-23 ± 17 kms~^) but is positive, which confirms 
that the HH 382 A-D group is the leading part of the south- 
ern flow (at least in the optical range). Taking into account 
its distance from the source and disrupted appearance, such 
a low velocity is not surprising. 



The central star V2494 Cyg was detected in the 2MASS sur- 
vey as the object 2MASS J20582109+5229277 with the fol- 
lowing photometric values in the three near-infrared bands: 
J=11.54±0.031, H=9.81±0.030 and K=8.31±0.017 mag. 
The estimate of the inte rstellar extinction {Ay = 5 .8 mag), 
taken from the map of iRowles fc FroebrichI l|2009l ). places 
V2494 Cyg in the locus of T Tau stars in the two-col our di- 
agram (JRydgren fc Vrball 19831 : iMever fc Calvetll 19971 ). Even 
without the application of the extinction correction we see 
that V2494 Cyg is locate d among other FU Ori-like ob- 
jects in this diagram (see ICreene. Aspin fc ReipurthI |2008| 
and lAspin et al.l 120091 ). But the bolometri c luminosity of 
V249 4 Cyg, estimated from IRAS fluxes JReipurth et al.1 
|l99a), is quite low for a FUor. The distance controversy 
lead s to a wide range of es timates: from 14 L0 (D=700 



PC iReipurth fc AspinI Il997l) to 45.55 L© (D=1300 



pc, 
as is 



IConneflev. Reipurth fc Tokunagal [2OO7I ). For 800 pc 
assumed in our works, this approach yields 18 L0. 

Nevertheless, there are many arguments in favour of 
V2494 Cyg, formerly HH 381 IRS, being a genuine FU Ori 
type object. 

Its infrared spec trum is virtually identical to other FUors 
I Aspin et al.ll2009l ). 

Its optical spectrum shows wide and blueshifted Ha ab- 
sorption (though seen only in reflection as described in sec. 
3.4) and some other features typical of FUors. 

Its increase in optical brightness was actually observed; it 
remains at maximal brightness for more than 20 years. 

Its spectral type can be estimated as G (in the region near 
Ha). 

There is no detected Fe II or Fe I emission in the optical 
spectrum, typical for T Tau stars and EXors. 

Nevertheless, several properties of this star make it a 
rather unusual FUor. 
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The amplitude of the outburst is only ~ 2.6 mag in R 
(however, if the Rl magnitude in USNO-B is also overesti- 
mated, it will make the amplitude larger and more similar 
to classical FUors). 

Its post-outburst bolometric luminosity is quite low. 

The object is the source of a giant parsec-sized bipolar 
flow. On the other hand, even if some of the known FUors 
are related to HH objects, only a few of them possess jets 
and develop extended outflows. 

Rather strong forbidden emission lines are observed in 
the spectrum of the star. Even if we assume that they all 
originate only in the jet, this is not typical of FUors. 

In fact, V2494 Cyg is already included in the list 
of 10 known FU Ori type obj ects with the outburst de- 
tected l|Reipurth fc AspinI [JOloi , V2494 Cyg is referred to 
as HH 381 IRS in this paper) but among them there are no 
other objects with so strong emission. We will return to this 
question below. 

Another nearly unique feature of V2494 Cyg and its 
nebula is the pronounced "spectral asymmetry" (by which 
we mean that the spectra of the star observed directly and 
through reflection show marked differences). This asymme- 
try is the direct result of the existence of the anisotropic 
expanding stellar envelope around the central star com- 
bined with the geometrically favorable projection of its spec- 
trum on the walls of the cavity in the interstellar dust 
(we see these walls as the bright conical nebula, which re- 
flect the spectrum of the envelope at various latitudes in 
the line- of-sight direction). Be sides the classic example of 
R Mon IjJones fc Herbi e 1982), more or l ess well studied 
cases incl ude RNO 129 ( Movsessian fc Magakian 20041 ') and 
PV Cep (|Movsessianet al.ll2008l ). The object V2494 Cyg, 
however, is the first FUor in this group, which makes it 
even more intriguing. First of all, it confirms that we ob- 
serve this star near its equatorial plane where the infiu- 
ence of the outflowing envelope is minimal; this implies that 
FUors with the most prominent P Cyg absorptions should 
be oriented nearly pole-on. In addition, it gives a chance 
to analyze the structure of the envelope, similarly to R Mon 
IjMagakian fc MovsessiarJll997l ') , and to compare it with the- 
oretical predictions. Spectropolarimetric studies of this neb- 
ula will be very useful in separating the reflected and m sttu 
produced spectral lines. 



4.2 Outflow 

The outflow of V2494 Cyg can be considered to be a typical 
parsec-sized outflow. However, such long flows are unusual 
for FUors. Among all known FUors and FUor-like objects 
only L 1551 IRS5 (which most closely resembles V2494 Cyg, 
also taking into account the very low luminosity of both 
central stars), Z CMa (although it is not known yet if this 
flow is produced by the FUor or its more massive compan- 
ion) and the recently found neighbor Braid star (also called 
HH 629 IRS or V2495 Cyg) possess such well-developed op- 
tical flows. Furthermore, this outflow is the most extended 
of all those listed above - more than 7 pc in full span in 
the optical. With its probab le molecular hydro g en ex ten- 
sions, described in detail by iKhanzadvan et al.l (|2012l ). it 
may extend even to 9 pc. Here we should mention also that 
V2494 Cyg drives an extended N-S molecular outflow, de- 



tected in the radio wavelength range (Moriarty-Schieven et 
al. 2013, in preparation). 

It is obvious that such a long flow should have a signifi- 
cant age, which can also be inferre d from the disrupted m or- 
phology of its leading bow shocks (M agakian et al.ll2010r ) . In 
this previous work, the kinematic age of 17,600 years was 
given for its most distant optical bow shock HH 967. This 
estimate was based on the assumption of 200 kms~^ for the 
mean velocity of the outflow and 800 pc for the distance. For 
the preceding molecular hydrogen clumps the age will exceed 
20,000 years. However, such age estimates for the V2494 Cyg 
flow are very approximate because, on the one hand, the 
ejection velocity can be far underestimated (see Sect. 3.3) 
and, on the other hand, the outflow probably decelerates 
(Sect. 3.5). In any case, the age of the V2494 Cyg outflow 
should be at lea st about 10,000 years (pr obably much more: 
in the paper of IKhanzadvan et al.ll2012l it is shown that it 
can reach even 10^ years). Thus, it originated long before 
the detected recent outburst. Just the same situation exists 
for the neighbor V24 95 Cyg (formerly known as the Braid 
star) and its outflow (IKhanzadvan et al.ll2012l ). 

One should keep in mind that V2494 and V2495 Cyg are 
so far the only known FUors with observed recent eruptions 
and extended high-age flows. However, these remarkable 
examples still cannot differentiate between various mech- 
anisms which have been suggested to explain the FU Ori 
phenomenon. The hypothesis that FU Ori outbursts should 
be directly connected with exte nded outflow formation, pro - 
posed several tens of years ago (JDopitall 197« ; Reipurth! 19891 ) 
seems very attractive (see also lReipurth fc AspinL:2010l '). Yet 
we actually have no direct evidence: extended outflows can 
be the independent manifestations of the strong accretion 
during PMS stellar evolution. However, in any case multiple 
paired knots can be considered as evide nce of the periodic 
erupt ive character of mass-loss events l|Reipurth fc Ballvl 
I2OOH ). The recent anal ysis of the morpholog y of n early 
30 molecular outflows bv lloannidis fc FroebrichI (|2012 !) con- 
firmed the estimates, made from optical studies, namely 
that the typical time gaps between the significant ejections 
in the outfiow are of the order of 10'^ years. Meanwhile, 
the time between recurrent F U Ori outburst events is be- 
liev ed to be about 10'* years (|Hartmann fc KenvonI Il996l : 
iReipurth fc Ballvl 120011 ). Hence, they seem in closer agree- 
ment with the total outfiow lifetime. However, the absence 
of an object with two observed recurrent FU Ori outbursts 
makes all these indirect estimates highly speculative. 

Nevertheless, the discovery of a jet in the immediate 
vicinity of V2494 Cyg makes the situation even more intrigu- 
ing. Estimating from our spectrograms the visible length of 
the jet (and counterjet) as 4 arcsec, we get its kinemati- 
cal age as about 40 years (for the 400 kms~^ as ejection 
velocity). This value is in the good agreement with our es- 
timation of the probable date of the eruption (with all the 
caution about the uncertainties both in the eruption date 
and the jet age) and, in turn, implies that the jet started 
to propagate near the moment of the V2494 Cyg outburst. 
To our knowledge, such a direct connection is found here for 
the first time. It can be considered as the first direct proof 
that the FU Ori outbursts create coUimated jets (at least in 
some cases: of course, we cannot state that all FU Ori events 
produce directed outfiows). Taking into account the rather 
large kinematical age of the full V2494 Cyg outfiow, one can 
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go further and suggest that its distant and disrupted bows 
were created during one or even several (depending on the 
age estimates) previous FU Ori events in V2494 Cyg, thus 
making this star the first proven recurrent FU Ori object. 

Another interesting feature is the different velocity gra- 
dients for the lines of higher and lower excitation level in the 
jet and the counterjet. The more or less similar behavior of 
emission lines was fou nd in the small HH knot HH 214 in 
the GM 1-27 nebula (|Magakian fc MovsessiaDlll995t ). One 
can suggest that the Ha and [Nil] emission traces the high- 
velocity/high-density axis of the jet, while the [SII] and [OI] 
lines are excited in entrained gas that is steadily acceler- 
ated by the jet. Of course, other explanations are not ex- 
cluded. Yet another feature of interest is the definite multi- 
component structure of the forbidden line profiles. This per- 
haps can be understood if we assume that the jet itself con- 
sists of several tiny knots of various excitation level which 
are not yet well separated. The existence of the very high 
velocity and high density component just within 1 arcsec 
of the star supports this suggestion to some extent. It can 
even be the indication of a new ejection. A similar single 
high- velocity knot, seen in f orbidden lines, was det ected in 
the outflow of LkHa 324SE (JHerbig fc Dahmll2006l ). 

Concerning the origin of the HH 381 A and B knots, 
their radial velocity data definitely reject their affiliation 
with the extended N-S flow from V2494 Cyg. Thus, they 
likely belong to some other flow. One sti ll can return to 
the s uggestion made in our previous paper (jMagakian et al.l 
[201y), that these knots are either produced by the hypothet- 
ical companion of V2494 Cyg (the only argument for this is 
their proximity) or that they correspond to the western lobe 
of the extended flow from IRAS 20573+5221. 

We reach the conclusion that the combination of all the 
features discussed above indeed makes V2494 Cyg a unique 
object even among so rare a class as FUors. 
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